• Variation in wood basic density and its correlation with tree growth were investigated at 13 years in a provenance/progeny test of Prosopis africana in Niger. The test included progeny from 256 trees sampled from 24 provenances in the Sahelian ecozone of Burkina Faso and Niger.
INTRODUCTION
In order to enhance sustainable management and conservation of timber-tree species, tree improvement programs must have information about the distribution of genetic variation in commercially important traits among and within natural populations, the correlation between tree growth and wood density, * Corresponding author: c.sotelo@cgiar.org and the heritability of growth traits and wood density. Understanding the distribution of genetic variation is necessary in order to develop the most effective strategy for selecting provenances and families within provenances. Wood density is a key trait because it is often correlated with other commercially important, wood-quality traits (Panshin and de Zeeuw, 1980) . In many species with diffuse-porous wood, there is no significant correlation between growth rate and wood density, suggesting that faster-growing trees could be selected without affecting wood quality (Zobel and Jett, 1995) ; but the correlation may be positive in some species and negative in others, and it may also vary among provenances within a species (e.g., Sotelo Montes et al., 2006; Weber and Sotelo Montes, 2008) . In addition, wood density and other wood properties tend to be under stronger genetic control than growth traits (Zobel and Jett, 1995) , so selection based on wood density may be more effective than selection based on tree growth rate.
Prosopis africana (Guill., Perrott. and Rich.) Taub. (Leguminosae, sub-family Mimosoideae) is very important for farming and pastoralist communities in the West African Sahel. The species extends from the relatively humid Sudanian and Guinean ecozones in the south to the drier Sahelian ecozone in the north, but it is disappearing in many regions due to overexploitation and the increasingly hotter and drier climate in the region . The wood is diffuse porous, moderately dense (Nygård and Elving, 2000) and used for construction poles, planks, mortars, pestles, artisan products, handles for farm implements, firewood and charcoal (Pasiecznik et al., 2001 ). Trees produce a deep taproot, grow slowly and can be coppiced. The breeding system is assumed to be primarily out-crossing (e.g., Bessega et al., 2000) , and seeds are dispersed by browsing animals (Tybirk, 1991) and humans (A. Bationo, personnel communication).
The first provenance/progeny test of P. africana included provenances and families from the Sahelian ecozone of Burkina Faso and Niger, and was established at a relatively dry site in Niger. Results from the test at 11 years indicate that tree growth and survival vary significantly due to provenances, and that provenance growth and survival increase from the more humid to the drier parts of the sample region . The cline with rainfall gradients support the theoretical expectation that provenances from the drier parts of the sample region are better adapted to drought. In this paper, additional results are presented from the test at 13 years. The main objectives are to (a) determine if wood density varies significantly due to provenances and families within provenances, (b) assess whether the distribution of genetic variation among and within provenances is similar for wood density and tree growth traits, (c) compare the heritability of wood density and tree growth traits, (d) determine if wood density increases from the more humid to the drier parts of the sample region, and (e) estimate phenotypic and genetic correlations between wood density and tree growth traits. Results are compared with those of other tropical hardwood species, and some practical implications are discussed.
MATERIALS AND METHODS

Sample region, experimental design and management of the provenance/progeny test
The sample region extends from central Burkina Faso to central Niger, covering an area approximately 1200 km from west to east, and 50-200 km from south to north (Fig. A available online at www.afs-journal.org). Mean annual rainfall decreases from west to east (∼750-350 mm) and from south to north (∼750-650 mm in the west, ∼450-350 mm in the east); mean annual temperature is approximately 28-29
• C; and the soils are generally sandy and infertile. Seeds were collected from mother trees in 28 natural stands in 1993, and the latitude, longitude and elevation were recorded for each mother tree. The provenance/progeny test was established in 1994 at the ICRISAT Sahelian Centre, located near Niamey, Niger. Mean annual rainfall and temperature are 539 mm and 29
• C, respectively, at the test site. The experimental design was a randomized complete block, with eight blocks (replications) and 275 families. Each replication included one tree per family. Additional details about the sample region, seed collection, nursery production, experimental design and management of the provenance/progeny test are given elsewhere .
Data collection and statistical analyses
Tree growth and basic density of the wood were evaluated 13 years after trial establishment. Growth traits included tree height (Height), stem diameter over bark (DBHOB) and under bark (DBHUB) measured at breast height (1.3 m above ground level). One disk (2 cm thick) was sampled from the stem at breast height, the bark was removed, and basic density (BD) was determined using the waterdisplacement method (ASTM, 1997) .
Data from 24 provenances were analyzed (Tab. I): four provenances were excluded because they had fewer than 20 living trees. The SAS statistical package (SAS Institute Inc., 2004) was used for all analyses, and the significance level was α ≤ 0.05 for all tests.
Data for each tree were adjusted for the number of living trees (0-8) immediately surrounding the tree. The number of living trees was included as a covariate in the analysis of variance (ANOVA) model described below, and the covariate parameter estimate was used to adjust the data.
ANOVA (MIXED procedure, restricted maximum likelihood method) was used to determine if wood density varied significantly due to provenances and families within provenances. The ANOVA model was:
= family k nested within provenance j , αβ i j = interaction between replication i and provenance j , and ε i jkl = residual error. All factors were considered random, and Z-tests were used to determine if variance components were significantly greater than zero. Each variance component was expressed as a percentage of the total variance (VC%), defined as the sum of all variance components in the model. A minimum sample size of 40 is recommended to obtain accurate estimates of variance components (N. Mandel, personal communication): the number was adequate for families but lower than recommended for provenances.
Growth traits were analyzed using the same ANOVA model described above. VC% was used to assess whether the relative magnitude of variation among and within populations was similar for wood density and growth traits.
Individual tree heritability (h 2 i ) of wood density and growth traits was estimated only if there was significant variation due to families. We assumed partial inbreeding and estimated additive genetic variance as 3σ 2 f , as others have done (e.g., Sotelo Montes et al., 2006) . Standard errors were calculated using the formula provided by Becker (1984) . If the standard error was equal to or greater than h 2 i , then h 2 i was not considered to be significantly greater than zero. Clinal variation in mean wood density of the provenances was investigated using multiple linear regression (REG procedure). The model was selected using the backward technique: provenance latitude, longitude and elevation were entered as independent variables in a preliminary model, and this was reduced by eliminating variables that were not significant. Mean latitude, longitude and elevation were computed for each provenance using the location of the mother trees. Accurate rainfall data were not available for most provenances, so regressions could not be carried out directly with rainfall data. Phenotypic correlations were calculated between wood density and growth traits using data from all trees and separately for trees in each provenance (Pearson r, CORR procedure). Genetic correlations were estimated only if there was significant variation due to families for both traits: values were standardized in order to eliminate any effect due to different measurement scales, and approximate standard errors were calculated using the formula provided by Falconer and Mackay (1996) . Genetic correlations were not estimated within provenances due to the small sample sizes.
RESULTS
There were relatively large differences in wood density among provenances and especially among families of P. africana. Mean density was 606.3 kg/m 3 , and the range in means was 54.5 kg/m 3 among provenances and 178.3 kg/m 3 among families (Tab. A gives provenance means, available online at afsjournal.org).
There was significant variation in wood density due to both provenances and families within provenances (Tab. II). The distribution of variation differed between wood density and the growth traits: provenances accounted for relatively more variation than families in growth, whereas families accounted for relatively more variation than provenances in density.
Wood density had a higher h 2 i (0.34, standard error = 0.15) than tree height (0.22, standard error = 0.14). The h 2 i for DBHOB (0.14, standard error = 0.14) was not significantly greater than zero, based on the large standard error. Estimates were based on 256 families (N = 1062, 1063 and 1078 trees for density, DBHOB and height, respectively).
Linear regression indicated that mean wood density of provenances increased with latitude, i.e. from the more humid to the drier parts of the sample region (regression equation: 440.1636 + 12.5753 × latitude; model R 2 = 0.316; P and standard error of regression coefficient = 0.004 and 3.9461, respectively; N = 24).
Phenotypic correlations indicated that larger trees tended to have denser wood, but genetic correlations were not significantly greater than zero (Tab. III). The magnitude of the phenotypic correlations between wood density and growth traits varied among provenances (not tabled). For example, the correlation between density and height ranged from 0.226 (N = 43, P > 0.05) to 0.575 (N = 36, P < 0.001).
DISCUSSION
To our knowledge, this is the first published report of genetic variation in wood density and its correlation with tree growth in a native African hardwood species. This study may have important practical implications for management of P. africana genetic resources in the West African Sahel, but the results and conclusions from this test cannot be extrapolated beyond the sample region in Burkina Faso and Niger. Furthermore, results are based on a single test at one relatively dry site in Niger, and sample sizes were small for provenances and especially for families. The major results are discussed below, followed by a discussion of some practical implications for conservation and tree improvement programs, and suggestions for future research.
Variation, clines and correlations in wood density
Mean wood density of P. africana at 13 years in this test (606.3 kg/m 3 ) was within the range of values observed in other Prosopis species (Goel and Behl, 1995; Cuevas et al., 2008) . Wood density was lower than that observed among trees of similar age in a natural stand in Burkina Faso (687 kg/m 3 , Nygård and Elving, 2000) .
There was significant variation in wood density due to provenances and families within provenances at 13 years. Genetic variation in wood density due to provenances and/or families has also been reported in other tropical hardwood species at relatively young ages (e.g., Arnold et al., 2004; Dvorak et al., 1998; Lauridsen and Kjaer, 2002; Miranda et al., 2001; Santos et al., 2004; Sotelo Montes et al., 2006; Weber and Sotelo Montes, 2008) .
Provenances accounted for relatively greater variation in tree growth than in wood density, based on the variance components. This suggests that environmental differences among provenance locations have produced relatively stronger selection pressures on tree growth (specifically on taproot growth which in turn affects above-ground growth, , than on wood density. This is a hypothesis, however, and there is no direct evidence to confirm that the variation is primarily due to natural selection.
Density and other wood properties of tropical hardwoods typically have higher heritability than growth traits (e.g., Arnold et al., 2004; Raymond, 2002; Sotelo Montes et al., 2006; 2007a; 2007b; Wei and Borralho, 1997) . Results from this test are consistent with this general trend.
Mean wood density of P. africana provenances appears to be related to rainfall gradients in the sample region. Provenances from drier parts of the region had denser wood than provenances from more humid parts of the region, when tested at a relatively dry site in Niger. The same clines were observed in tree growth and survival of P. africana at 11 years . To our knowledge, this is the first reported cline in wood density of a hardwood species from the West African Sahel.
The positive correlation between wood density and tree growth, and the cline in wood density may be an adaptive response to bending stress produced by wind in natural stands. In discussing the mechanical design of trees, Mosbrugger (1990) notes that the base of the tree has the highest bending stress and this can be reduced by increasing the strength of supporting tissue at the base of the tree. Strength can be increased by producing denser wood, which has a greater Young's modulus of elasticity. In general, larger trees require greater strength at the base of the stem, compared with smaller trees, in order to reduce the bending stress. This may be particularly important for trees growing in more open stands that are potentially exposed to higher wind velocities. In general, the number of species and trees per unit area (i.e. stand density) are greater in zones with higher rainfall, such as the southern part of the sample region in this study. In these zones, root systems and tree 713p4 Prosopis africana -genetic variation in wood density Ann. For. Sci. 66 (2009) 713 crowns of neighboring trees may become interwoven to varying degrees over time, and allow the stand to "collectively" reduce the bending stress produced by wind. This "collective" response to bending stress would be less apparent in zones with lower rainfall and lower stand density, such as the northern part of the sample region in this study. Trees in these zones might require a relatively greater investment in increasing their strength at the base of the tree (i.e. greater wood density) compared with trees in stands that can "collectively" respond to bending stress. This hypothesis requires testing.
Practical implications and future research needs
Assuming that the clines reported in this paper and in an earlier paper reflect adaptive variation, and considering the fact that some computer models predict a drier climate in the Sahel during the 21st century (Held et al., 2005) , it would be prudent for tree improvement and conservation programs to conserve and collect P. africana germplasm from the drier parts of the region for planting in the West African Sahel. Specifically, we recommend that transfers of germplasm should only be made from the drier to the more humid parts of the region.
The phenotypic correlations between tree growth and wood density of P. africana were positive but relatively low, and the genetic correlations were not significant in this test. In general, the genetic correlation between growth and density is low for diffuse-porous hardwoods (Zobel and Jett, 1995) . This, together with the relatively low heritability for growth traits, suggests that selecting faster-growing trees of P. africana at ∼13 y would result in only a modest gain in wood volume and little (if any) gain in wood density in the subsequent generation. This must be considered as a tentative conclusion pending future research, since trait heritability and genetic correlations among traits may change over time, and they also depend on the specific test environment and the genetic population or populations in the test (Zobel and Jett, 1995; Falconner and Mackay, 1996) . In this test, phenotypic correlations between density and growth varied among provenances, but genetic correlations were not estimated within provenances due to the small number of families per provenance. If future research demonstrates that genetic correlations also vary among provenances, then greater gains in wood volume and density could be realized by first selecting provenances from the drier parts of the region that have greater growth, wood density and survival, and a stronger genetic correlation between growth and density. Since wood density has a higher heritability than growth traits, this could be followed by selection of families within these provenances based primarily on density, but also considering survival.
Relationships need to be investigated between tree growth, wood density and other wood properties in P. africana. Larger trees tend to have denser wood, and studies of other species demonstrate that denser wood tends to be stronger and stiffer but has greater volumetric shrinkage (e.g., Sotelo Montes et al., 2007a; 2007b) . Greater strength and stiffness are desirable for construction purposes, and wood with less shrinkage is generally preferred in order to minimize waste due to poorly oriented boards. Denser wood also tends to have a darker hue (e.g., Sotelo , which is an important aesthetic quality for furniture, walls, floors, carvings, etc.
Multi-location provenance/progeny tests, with larger sample sizes for provenances and families, are needed to investigate genetic variation in wood properties, tree growth and survival of P. africana and other important native timber-tree species in the West African Sahel . The West African Sahel is a transitional ecozone between the relatively humid savannah woodlands and the Sahara Desert, so one would expect clinal variation in tree growth and correlated wood traits in relation to the rainfall gradients in the region. These studies are needed in order to develop appropriate conservation and improvement strategies: this is particularly important for species that are under intensive extraction pressure and whose habitats are disappearing due to climate change. Figure 1 (8, 14, 16 and 25) not analyzed due to small sample size (< 20 trees). b Variables: BD = basic wood density at 1.3 m; Height = tree height; DBHOB and DBHUB = stem diameter at 1.3 m over bark and under bark, respectively. c Standard deviations among all trees: BD = 40.0 kg/m 3 , Height = 0.85 m, DBHOB = 1.9 cm, DBHUB = 1.6 cm.
